We produce giant, purely long-range helium dimers by photoassociation of metastable helium atoms in a magnetically trapped, ultracold cloud. The photoassociation laser is detuned close to the atomic 2 3 S 1 ÿ 2 3 P 0 line and produces strong heating of the sample when resonant with molecular bound states. The temperature of the cloud serves as an indicator of the molecular spectrum. We report good agreement between our spectroscopic measurements and our calculations of the five bound states belonging to a 0 u purely long-range potential well. These previously unobserved states have classical inner turning points of about 150a 0 and outer turning points as large as 1150a 0 . DOI: 10.1103/PhysRevLett.91.073203 PACS numbers: 34.20.Cf, 32.80.Pj, 34.50.Gb In the purely long-range molecules first proposed by Stwalley et al. [1], the binding potential, including the repulsive inner wall, depends only on the long-range part of the atom-atom interaction, and the internuclear distance is always large compared with ordinary chemical bond lengths. Theoretical description of these molecules involves the leading C 3 =R 3 terms of the electric dipoledipole interaction and the fine structure inside each atom. These well-known interactions allow precise calculation of potential wells and rovibrational energies. Previous experimental studies of such spectra in alkali atoms have utilized the technique of laser-induced photoassociation (PA) in a magneto-optical trap (MOT) [2] . In addition to testing calculations of molecular structure, that work has produced precise measurements of excitedstate lifetimes, and has led to accurate determinations of s-wave scattering lengths for alkali systems, which are of interest for studies of Bose-Einstein condensates (BECs) [3, 4] . This Letter reports novel spectroscopic measurements and calculations for purely long-range molecules that are produced when two 4 He atoms in the metastable 2 3 S 1 (He ) state absorb laser light tuned close to the 2 3 S 1 ÿ 2 3 P 0 (D 0 ) atomic line at 1083 nm. The minimum internuclear distance in these dimers is unprecedentedly large, reaching values of 150a 0 (a 0 0:053 nm), so retardation clearly influences the dipole-dipole interactions. Another unique feature is that each dimer is formed from two highly excited atoms carrying a total of 40 eV. Also, we have developed an original, ''calorimetric'' method for detecting the formation of these molecules. Instead of monitoring ion production rates, which are usually high for He , we measure the temperature increase of the cloud due to the presence of molecules. This turns out to be a great advantage, since Penning ionization, which would normally destabilize such energetic molecules, is strongly reduced as a consequence of the large internuclear distance in these giant dimers.
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This is the first observation of purely long-range molecular states in He . Previous PA experiments were performed in a He MOT [5] , but with a PA laser tuned close to the 2 3 S 1 ÿ 2 3 P 2 atomic line (D 2 32 GHz below D 0 ). There is no purely long-range potential linked to the 2 3 S 1 2 3 P 2 asymptote. The Utrecht group has also tried to observe the purely long-range states that we study here, near the D 0 line, but without success [6] . We believe their lack of a result is explained by the fact that they monitor the ion production rate, which is strongly reduced for these states, as explained above.
Our experimental conditions differ significantly from the ones reported in [5] . The atoms are confined in a magnetic trap and cooled nearly to the BEC transition [7, 8] . The phase space density is typically 6 orders of magnitude higher than in a MOT, so the PA process is much more efficient [9] . Also, the temperature is 2 -3 orders of magnitude lower, so the Doppler broadening is small compared with the atomic natural line width ÿ, which allows for improved spectroscopic precision. In addition, our magnetically trapped atoms are spin polarized in a single Zeeman sublevel of the 2 3 S 1 state, so the initial quasimolecular state is 5 g . Therefore, only ungerade excited states are accessible. Figure 1 shows the only two potentials that can be excited in our experiment in the vicinity of the D 0 atomic line. The photoassociation experiment consists in driving the transition from free pairs of 2 3 S 1 atoms to bound states in the purely long-range 0 u well connected to the 2 3 S 1 2 3 P 0 asymptote. Measurements of the bound-state spectrum proceed as follows. About 10 9 atoms are trapped in a MOT before being transferred into an Ioffe-Pritchard magnetostatic trap with a nonzero minimum B 0 in the trapping magnetic field. An evaporative cooling sequence that utilizes RF-induced spin flips cools the atoms to 2-30 K. The critical temperature for BoseEinstein condensation is in the range 1 to 4 K, depending on the density [7, 11] . Figure 2 sketches the experimental setup and sequence for a typical PA experiment. After cooling, the cloud is illuminated for a few ms by light from a ''PA laser'' beam containing all polarization components relative to the magnetic-field axis. Just after this PA pulse, the cloud is released and then detected by means of destructive absorption imaging after ballistic expansion. The number of atoms, the peak optical density, and the temperature are thereby measured as functions of the PA laser frequency.
Accurate spectroscopy is performed with a PA beam derived from a cavity-stabilized laser (width 0.3 MHz) locked to the D 0 line. The PA beam is tuned with subMHz precision to the molecular lines by acousto-optic modulators. With this technique, we can reach the four highest (v 1 to v 4) lines in the 0 u well. For the v 0 line, the PA laser must be further detuned. In this case we use a temperature-tuned diode laser with a 3-MHz spectral width, as well as a Fabry-Perot cavity to measure its frequency relative to that of a reference laser locked to the D 2 atomic line. The accuracy of the v 0 measurement is of the order of 10 MHz. The PA laser intensity is always set lower than or of the order of the atomic saturation intensity I sat 0:16 mW=cm 2 , and the exposure time between 0.1 and 10 ms. Figure 3 shows typical experimental data for the line v 4. Figures 3(a) and 3(b) demonstrate that the peak optical density drops significantly when the PA beam is resonant with a molecular line, even if trap loss is weak. This situation is explained by the strong heating indicated in Fig. 3(c) . The temperature increase provides a very sensitive diagnostic for resonances that produce little loss. Assuming that the heat deposited in the cloud is proportional to the number of molecules produced, we fit the frequency dependence of the temperature to a Lorentzian curve. The FWHM of the molecular lines is measured at low intensities to be 3.0(3) MHZ, within the expected range for the molecular radiative width (ÿ mol 2ÿ).
The heating mechanism that produces our signals can be roughly understood as follows. After absorbing a photon near the outer turning point, the molecular system can decay radiatively into two fast metastable atoms, each with a nonzero probability of being in the trapped state. Since the trap depth is 10 mK, fast atoms can remain trapped and heat up the cold cloud. This reasoning is supported by the fact that we can convert the heating into trap loss if, after the PA pulse, we apply an RF ''knife'' for 40 ms, thereby removing fast atoms from the trap. The simultaneous measurement of small trap loss and significant temperature increase suggests that each molecular excitation heats the sample considerably. This is the reason why the temperature probe is so sensitive.
Fits to our data give line centers v < 0 for the molecular resonances, measured relative to the D 0 atomic line. To obtain binding energies hb v < 0, we must correct for shifts caused by the cloud's finite temperature and the trap's magnetic field. Since we are interested in a freebound transition, the shifts arise from terms that explicitly represent the magnetic interaction and the relative motion of the initial 2 3 S 1 pair. (The corresponding energies in the molecule are implicitly included in b v .) The magnetic contribution can be written as 2B 0 3k B T=2, where the second term exploits the equipartition theorem to express the average inhomogeneous Zeeman shift for a pair. The relative kinetic energy of the pair adds another shift of 3k B T=2. The derivation of this term in the s-wave limit, as well as consideration of line-broadening mechanisms, which we do not discuss here because we are mainly interested in the positions of the lines, will appear in a forthcoming paper. Finally, the binding energies are found to be hb v h v 2B 0 3k B T. Additional recoil and mean-field shifts of the order of 10 kHz are negligible on the scale of our experimental uncertainties. We are not concerned with light shifts, since we use very low PA laser intensities; this is another advantage of the calorimetric technique over trap-loss measurements.
Each line is probed in different conditions of T 2-30 K), B 0 (300 mG-10 G), and density (10 12 -5 10 13 cm ÿ3 ). Within the accuracy of our experiment we find no density or magnetic-field dependence of the binding energies, and for each line we estimate an uncertainty of 0:5 MHz. Given this uncertainty and the range of magnetic field explored, we can infer an upper limit for the 0 u magnetic moment of 0:04 Bohr magnetons [12] . In order to interpret the experimental frequency spectrum theoretically, we calculate the coupling between the atomic orbitals of one atom in the 2 3 S 1 state and another in the 2 3 P J0;1;2 state, which involves 54 molecular potentials. This coupling is constructed as a perturbative Hamiltonian in the basis of fine-structure-free atomic states. At large internuclear distances R, the lowest-order term of the electromagnetic interaction is the retarded dipole-dipole interaction [13, 14] , which is fully determined by the coefficient C 3 3=4 hÿ=k 3 , with ÿ 2 1:6248 MHz [15] , and k 2=. This interaction includes no coupling between electronic orbital and spin angular momenta (L L andS S) and is diagonal in the molecular Hund's case (a) basis.
In the absence ofL L-S S coupling, the potential curves resulting from dipole-dipole interaction are purely attractive or repulsive and share a single asymptote. When we include the atomic fine structure in the Hamiltonian [16] , the coupling gives rise to three distinct asymptotes and to anticrossings between attractive and repulsive curves, leading to purely long-range potential wells [17] . We construct the fine-structure coupling phenomenologically from measured 2 3 P splittings [18, 19] . If there is no rotation, the projection of the total electronic angular momentum on the molecular axis is a good quantum number. Our experiment probes the 0 u purely long-range well plotted in Fig. 1 .
We also consider how the rotation of the molecule can couple electronic states ( 0; 1), an effect that leaves 0 and 0 u as only approximate labels. We add to the Hamiltonian the operator' ' 2 =2R 2 [20] , wherẽ ' ' J J ÿL L ÿS S is the angular momentum operator for the rotation of the molecule. As expected, the couplings with Þ 0 become important when two potential curves determined in the nonrotating approximation cross each other. In the case of the 0 u potential well, these crossings appear far enough in the classically forbidden region that we can neglect the nondiagonal rotation-induced couplings.
In the s-wave scattering regime, the initial (2 3 S 1 2 3 S 1 ) pair exists only in the J 2 state. Elementary group theory and Bose-Einstein statistics for the nuclei [20] dictate that J in the excited state must be odd, namely, 1 or 3. Moreover, the Condon radius at which the transition occurs is so large that the excited molecule is in almost the same quantum state as a noninteracting pair of atoms in the 2 3 S 1 2 3 P 0 state [Hund's case (c)]. Therefore J 1 is dominant.
The Hamiltonian including retarded dipole-dipole interaction, fine structure, and molecular rotation is diagonalized numerically. Adiabatic potentials are calculated with fixed internuclear distance, and an additional first order (diagonal) correction is applied to take into account the effect of the vibration of the nuclei on the electronic interaction energy. The 0 u potential well depth calculated in this way for J 1 is 2.002 GHz. The five bound states measured in the well (see Fig. 1 ) have their inner turning points around 150a 0 . The outer turning point is as large as 1150a 0 for the v 4 vibrational state. From the discussion above, it is clear that even the repulsive, inner part of the potential has purely long-range character. The large internuclear distance is also the reason why the next-order term in C 6 =R 6 of the electromagnetic interaction is negligible [21] . More details about the theoretical approach will be given in a forthcoming paper [22] .
Measured and calculated binding energies in the 0 u well are presented in Table I . The measured spectrum agrees very well with the predicted J 1 progression from v 1 to v 4. We also find good agreement for v 0, though with less experimental accuracy. Although it is too weak to be observed, the J 3 progression has been calculated using the same model to illustrate the expected rotational splitting. Finally, comparison with calculated results for a nonretarded dipoledipole interaction demonstrates the significant influence
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In conclusion, we report the vibrational spectrum of a previously unobserved, purely long-range helium dimer produced in a very highly excited electronic state. Although the huge internal energy would allow it, the autoionization process is blocked by the extremely large size of the dimers. As an alternative to ion detection, we have developed a calorimetric detection scheme based on the heating of the atomic cloud by the radiative decay of the dimers. This technique merits further study. Finally, this Letter provides a foundation for a two-color, stimulated Raman experiment that would prepare molecules in the most weakly bound state of the 5 g potential shown in Fig. 1, with 
